Anodic aluminum oxide (AAO) templates possess highlyordered nanoporous structures, with advantages such as high aspect ratio. However, there are limits to control the growth of the traditional AAO arrays, such as interpore distance, pore sizes and densities. In this study, we introduce an innovative nanoimprint process guided AAO fabrication to overcome these limitations of the traditional AAO arrays.
Introduction
Anodic aluminum oxide (AAO) template possesses nanoporous structures, with advantages of high aspect ratio, highly-ordered, uniform and controllable pore size (from 10 nm to 500 nm), and stability in chemical and thermal surroundings. In the last decade, AAO nanoporous structures with naturally self-ordered nanotubes have been extensively investigated as an important assisting material. For instance, magnetic (Whitney et al., 1993) , electronic (Stucky and Macdougall, 1990) , optoelectronic (Beck et al., 1992) , biological (Matsumoto et al., 2005) , and micromechanical devices (Masuda et al., 1997) can be effectively fabricated by using AAO as templates.
There are, however, limits to control the AAO growth. The long-range self-assembled nanostructure can only been observed under certain anodization conditions with specific dilute acidic solutions (sulfuric acid, oxalic acid, or phosphoric acid). AAO nanoporous is a self-ordered structure, with nanopore locations generated randomly in a hexagonal close-packed pattern. Secondary anodization is a method to fabricate near defect-free AAO templates, and it creates a pattern through removing the previously anodized layer. Such a pattern helps to form the AAO structure based on those nanoindents in a bowl shape (Chen et al., 2005; Chen et al., 2012; Montero et al., 2014) . Influenced by this concept, many research studies focus on the pretreated aluminum and attempt to control the locations of nanopores. Lee's group used a traditional photolithography fabrication to replicate a nickel imprint stamp with a defect-less hexagonal pattern in order to produce an ideal AAO nanoporous structure (Lee and Lee, 2010) . Focus ion-beam lithography (Liu et al., 2001) , scanning probe microscopic lithography (Masuda et al., 2002) , optical diffraction grating (Mikulskas et al., 2001) , and microbeads (Masuda et al., 2004; Surawathanawises and Cheng, 2014) have been investigated as pretreatments of aluminum. However, these fabrication processes are relatively slow and expensive. In light of all alternatives, nanoimprint method seems to be a promising technique to pre-pattern with highyield results at a low cost (Lee et al., 2006 ). Chung's group fabricated square-array AAO nanopores on Si assisted by nanoimprint (Kwon et al., 2009 ). Choi et al. reported that nanoimprinted pre-pattern can change the nanopore distance from the lattice constant (Choi et al., 2005) . Furthermore, Jin's group not only fabricated long-range location controllable AAO, but also created different sizes of nanopores on the same aluminum substrate with nanoimprint-guided anodization (Noh et al., 2010) .
In this study, we designed nanoimprint molds with different orders, pillar size and inter-distance to investigate how to control the location to form AAO nanopores. Moreover, growing various sizes of nanopores can be conducted with the assistance from the nanoimprint. Therefore, fabricating AAO with different nanopores on the same aluminum piece can be performed.
Materials and Methods
A pure Al piece (99.999%) was refined and smoothened by mechanical polishing and electrochemical polishing in order to prevent any possible defects which may affect the nanoimprint process. The Al piece was first mechanically refined and polished, and then annealed at 400 0 C for 30 min to relieve residual stresses. The electropolishing was conducted in an electrolyte of 15 vol.% perchloric acid (HC l O 4 ), 70 vol.% ethanol (C 2 H 5 OH)
Atlas Journal of Materials Science -ISSN 2330-6831. Published By Atlas Publishing, LP (www.atlas-publishing.org) and 15 vol.% butyl cellosolve (CH 3 (CH 2 ) 3 OCH 2 CH 2 OH) solution, with 40 V applied voltage at 5 0 C for 10 min. The nanoimprint mold was designed as hexagonal arrays of pillars with different orders, pillar sizes, and inter-distances. Fig. 1 shows SEM images of the imprint mold. The pillar sizes are either ~160 or ~120 nm, with their inter-distances of ~360 or ~240 nm, respectively ( Fig. 1 a and b) . There are also some designed vacancies on the imprinting mold, and the open sizes are either ~360 nm or ~240 nm, respectively (Fig. 1 c and d) . The electropolished Al piece was directly indented by the designed imprinting mold with a pressure of 100 psi. The nanoimprinted aluminum piece was anodized at 120 V in a 1 vol.% phosphoric acid (H 3 PO 4 ) solution at 0 0 C for 3 hours. Fig. 2 shows the schematic diagram of the entire fabrication process. The microstructures of the specimens were analyzed by fieldemission scanning electron microscopes (SEM), FEI Quanta 600 and JEOL JSM-7500.
Results and Discussion
In order to fabricate a nanoimprinted aluminum piece, a very flat surface is crucial. To indent an aluminum substrate at the nanometer scale accuracy, a surface roughness of even a few nanometers is undesirable. Fig. 3 shows optical microscopic (OM) images of electropolished aluminum pieces. Fig. 3(a) is an image of an un-annealed aluminum piece after electropolishing, while Fig. 3(b) , an annealed one. The grain size in Fig. 3(a) is much smaller than that in Fig. 3(b) . Since grain boundaries are considered as defects on the aluminum piece for nanoimprinting, annealing not only relieves residual stresses, but also drives crystal growth to enlarge the grains with reduced grain boundaries, or fewer defects. The grains in Fig. 3(b) are much larger than the nanoimprinting pattern regime, so the aluminum piece is suitable for nanoimprinting. Fig. 4 shows SEM images of imprinted patterns, with 160 nm pillars while some of them are replaced with 120 nm pillars. The substituted smaller pillars are shown in every three pillars in Fig. 4(a) , while in every four pillars in Fig. 4(b) . Anodizing voltage has a direct effect on the pore size (Belwalkar et al., 2008) , and normally nanopores are around 120 nm in diameter at 120 V using H 3 PO 4 solution. The results shown in Fig. 4 indicate that AAO only forms with 120 nm indentations (marked with red circles). On the other hand, the 160 nm indentations were too large to grow single pores, so more nanotubes could form in a single 160 nm indentation. Therefore, the location of AAO can be controlled by a pattern with similar size of the AAO nanopores on aluminum before anodizing. Fig. 5 shows SEM images of anodization results with differently designed patterns, demonstrating the possibility to alternate the locations of nanopores. Fig. 5(a) shows smaller indentations (120 nm) surrounded by larger ones, while in Fig. 5(b) , larger pores surrounded by smaller ones. More importantly, these AAO samples contain pores with different sizes on the same piece of aluminum, which are impossible to obtain by the traditional AAO fabrication. Fig. 6 shows SEM images of anodization results with another designed pattern, which includes vacancies in the hexagonal array (Fig. 1c) . There were two types of AAO nanopores. Fig. 6(a) is a SEM image of AAO arrays with a vacancy inserted in every three indentations, while in Fig. 6(b) , a vacancy in every four indentations. This type of design demonstrated that the indentation with suitable size is able to drive AAO to form a desired shape, while on a flat surface without indentation, AAO forms as irregular shapes, as shown in Fig.  6 (a) and (b). Therefore, producing vacancies is another promising design to obtain nanopores with different sizes on a single piece of aluminum. Fig. 7 is a schematic diagram of the relationship between the nanoimprinted patterns and the anodic nanopores based on the imprinted dents. Fig. 7(a) shows the imprinted dents on the Al surface after nanoimprinting, and Fig 7(b) is the anodized results with different possible patterns. Overall, proper pattern designs can lead to the formation of nanopores at given locations to obtain ideal shapes of the AAO nanopores. However, aluminum with large imprinted pattern, or without imprinted pattern, still need to undergo two-step anodization to acquire anodic nanopores with fine shapes. a b 
Conclusions
In summary, AAO arrays were formed through a guided anodization assisted by a nanoimprinting process. We designed nanoimprinting patterns followed by AAO growth to form ordered hexagonal arrays with different pore sizes. We directly imprinted the designed patterns onto well-polished Al pieces. The guided anodization process controlled the nanopore locations, and more importantly, periodically ordered AAO arrays with different nanopore sizes could be fabricated. This study demonstrates an innovative AAO fabrication process to overcome the limitations of traditional AAO arrays. Further developments will be needed to include: (1) design of other nanoimprinting patterns for more specific applications; (2) introducing other fabrication processes to further control the pores density; and (3) introducing the results in this study for specific electronic, magnetic, or biological applications.
